Objective: To derive an algorithm for genetic testing of patients with frontotemporal lobar degeneration (FTLD).
In the past 5 years, scientific and clinical knowledge of frontotemporal lobar degeneration (FTLD) has increased dramatically. As a result, more patients are being referred for genetic testing (table) . Clinical testing for the tau gene, MAPT, the progranulin gene, PGRN (or GRN), the valosin-containing protein gene (VCP), and the gene encoding the TAR-DNA binding protein 43 (TARDBP) is now available in the United States and Europe (http://www.ncbi.nlm.nih.gov/sites/GeneTests/?dbϭGeneTests). Genetic research testing is available for these genes as well as for CHMP2B and yet unknown genes. Yet, clinicians should not routinely recommend genetic testing for patients with FTLD: the clinical testing is very expensive and often fails to reveal a mutation, and clinical, pathologic, and family history information can help guide testing decisions. The purpose of this review is to develop an algorithm to assist clinicians with determining whether or not to recommend clinical genetic testing for FTLD and if so, how to proceed.
FTLD is one of the most common forms of presenile dementia. 1 FTLD can present with behavioral and personality changes (behavioral variant frontotemporal dementia [bvFTD]), with language changes resulting in the variants categorized as progressive nonfluent aphasia (PNFA) and semantic dementia (SemD), or with language and behavioral symptoms. 2, 3 Features of bvFTD include disinhibition, apathy, emotional blunting, loss of insight, loss of personal and social awareness, obsessive-compulsive or ritualistic behaviors, and dietary changes. 4 Two parkinsonian conditions, corticobasal degeneration (CBD) and progressive supranuclear palsy (PSP), are closely related to FTLD. Because the symptoms of these diseases cannot always be relied on to predict pathology, many dementia specialists now refer to CBD and PSP as corticobasal syndrome (CBS) and progressive supranuclear palsy syndrome (PSPS). Patients with FTLD may develop parkinsonism and amyotrophic lateral sclerosis (ALS). 5, 6 Up to 40% of patients with FTLD show a family history of dementia or related condition (parkinsonism or ALS); however, only about 10% show a clear autosomal dominant inheritance pattern. 7, 8 Determining the exact frequency of autosomal dominant cases is complicated by incomplete family history, misdiagnoses, and psychiatric disorders mimicking FTLD. Mutations in MAPT 9,10 and PGRN, 11, 12 both on chromosome 17, each account for 2%-10% of all cases and 10%-23% of familial cases. 7, 8, 11, [13] [14] [15] Although MAPT mutations are very rare in sporadic disease, 15 about 3% of sporadic FTLD is caused by mutations in PGRN. 14 Mutations in CHMP2B on chromosome 3 were identified in a large Danish family. 16 More recently, 2 patients with FTLD have been reported with mutations in the TARDBP gene 17, 18 and one with a mutation in the FUS gene. 19 One of the patients with a TARDBP mutation showed atypical features including supranuclear palsy and chorea, in addition to personality changes and progressive dementia. In families with inclusion body myopathy associated with Paget disease and frontotemporal dementia, up to 35% of affected family members develop a frontal dementia. These fami-lies have mutations in VCP. 20 Additionally, families with histories of both ALS and FTLD have been linked to chromosome 9p, but at the time of this writing, the actual gene has not been found. 21, 22 Together, the known FTLD genes explain the disease in less than 50% of the familial cases, suggesting that other causal FTLD genes exist. Several recent genome-wide association studies have revealed possible susceptibility loci that influence the risk of FTLD. 23, 24 Of note, the clinical diagnosis of frontotemporal dementia (FTD) has been given to individuals with Alzheimer disease (AD) pathology and mutations in the AD genes presenilin 1 (PSEN1) and presenilin 2 (PSEN2) in whom behavioral symptoms were prominent. 25 About 40% of FTLD cases show tau pathology (FTLD-tau), 26 including all cases of FTLD (including Pick disease) with MAPT mutations, CBD, and PSP. The most frequent FTLD pathology is characterized by tau-negative, ubiquitin-positive neuronal cytoplasmic inclusions (NCIs) composed of TAR-DNA binding protein (TDP-43). These cases are now categorized as FTLD-TDP according to new consensus nomenclature guidelines. 27, 28 Carriers of mutations in PGRN, TARDBP, VCP, as well as chromosome 9-linked cases display TDP-43 pathology. Autopsies of patients with FTLD-TDP in whom PGRN mutations have been identified have neuronal intranuclear inclusions (NIIs) and NCIs of TDP-43. 29 TDP-43 pa- thology is also found in ALS cases without SOD1 mutations 30 ; however, even though TDP-43 is found in all patients with pure ALS and FTD/ALS, the pattern of histopathology differs in FTD/ALS brains from that of PGRN carriers. CHMP2B cases show ubiquitin-positive, TDP-43-negative histopathology (FTLD-UPS). 8 Recently many of the ubiquitin-positive, TDP-43 negative cases have been show to have inclusions of the fused in sarcoma protein (FUS; FTLD-FUS), yet most do not carry mutations in the FUS gene. 31 Other neurodegenerative diseases can mimic the symptoms of FTLD. These include atypical AD, CJD, and dementia with Lewy bodies (DLB). 32 Even without pathologic evidence, these diseases need to be considered when planning genetic testing. Definitive diagnosis of FTLD can only be made on autopsy, which, because of the variability in pathology, can help guide genetic testing. However, despite the occasional inconsistencies in the clinical, genetic, and pathologic associations, a diagnosis of an FTLD spectrum disorder can be made during life. 29 The more challenging distinction is determining which patients with an FTLD spectrum disorder have underlying FTLD-tau, FTLD-TDP, FTLD-FUS, FTLD-UPS, or an atypical AD, CJD, or DLB pathology. An autosomal dominant neurodegenerative disorder with formal genetic testing may provide a definitive determination of the underlying pathogenesis. This will become increasingly important as clinical trials involving agents that target the pathophysiologic processes involved in neurodegeneration begin. Additionally, ascertainment of a family genetic mutation informs genetic risk and allows presymptomatic genetic testing of other at-risk family members should they want it.
METHODS A literature search was performed to review the clinical and pathologic phenotypes and family history associated with each FTLD gene. Additionally, the frequency of cases with mutations in each FTLD gene was noted. Based on this review, an algorithm was designed to assist with determining the most efficient and systematic approach to genetic testing for FTLD.
RESULTS MAPT carrier phenotype. Over 40 mutations in the MAPT gene have been discovered (www.molgen.ua.ac.be/FTDMutations). Presenting symptoms, primary diagnosis, and age at onset are highly variable even within families. Clinical presentations include bvFTD, CBS, PSPS, or AD [33] [34] [35] [36] ; however, the most common presentations are dysexecutive symptoms and personality change. Some patients develop language problems and parkinsonism. The typical findings of AD, memory and visuospatial problems, and limb apraxia are atypical. ALS has been reported but is rare. [35] [36] [37] An average age at onset of 50 -55 years has been reported with certain genotypes, 38 but generally the range of onset is broad (25-65 years). 39 The penetrance of MAPT mutations nears 100%; therefore it is unusual to find a mutation in individuals without a positive family history. 14 Mutations have been found in individuals diagnosed with sporadic PSP and CBD. 34, 40 In one small kindred with FTD with parkinsonism, the mother of multiple affected offspring lacked a somatic mutation in MAPT, suggesting a spontaneous germline mutation in MAPT. 41 PGRN carrier phenotype. More than 60 mutations in the PGRN gene have been described (www.molgen.ua.ac.be/FTDMutations). Again, the phenotypes produced by these mutations show considerable interfamilial and intrafamilial variability. 42, 43 In one study, the presenting symptoms include language impairment (81%), behavior change (74%), and apraxia (4%). The diagnoses include FTD (77%), PPA (10%), CBS (3%), AD (3%), AD/Parkinson disease (PD) (3%), and DLB (3%). Mean age at onset of about 60 years is older than that of MAPT mutations, and the onset ranges from 35 to 83 years. 13, 38, 44, 45 Whereas parkinsonism is a frequent finding, very few cases of ALS have been reported in PGRN carriers. 14, 39, 44 Disease progression is shorter on average than that of MAPT carriers (ϳ5 years vs 12 years), 43 but the range overlaps (MAPT: 3-10 years, PGRN: 1-15 years). 39 PGRN mutations show age-dependent penetrance and only reach a penetrance of 90% at age 70. 39 Regardless of the diagnosis, autopsy reveals FTLD-TDP pathology. The frequency of PGRN mutations in familial cases is 4%-22% and in all patients is 5%-10% depending on the population. However, in pathologic proven FTLD-TDP cases, the frequency is as high as 56.2% in familial cases and 15%-24% overall. 13, 44, 45 In a British study, PGRN mutation carriers represented 6% of the full study cohort and 17% of familial cases, whereas MAPT mutation carriers represented 8% of all cases and 21% of familial cases. 7 All MAPT carriers had a family history of dementia in a first-degree relative, but only 71% of PGRN carriers showed such a history, perhaps due to lost family history, incomplete penetrance, or misdiagnoses.
Age at onset for MAPT carriers was earlier than that of PGRN carriers or noncarriers of either gene (53 years vs 59 years). Disease duration was similar in all groups. Of the PGRN carriers in this study, 57% had bvFTD characterized by apathy, disinhibition, and decreased speech output. Bilateral frontal and milder anterior temporal atrophy was found on MRI. PNFA was the working diagnosis in 36% of cases where language impairment, particularly anomia, was the presenting symptom. Apraxia was found as the first symptom in 7% of patients. Those patients with aphasia or apraxia had a mean onset 3 years later than those with bvFTD. The presentation of MAPT carriers in this study differed from that of PGRN carriers in that all exhibited behavioral/personality changes. Of these, 76% had some mild semantic impairment. Pure semantic dementia was only found in sporadic cases not having mutations in either gene, a finding also reported in other studies. 8, 46 Different studies report the most common diagnoses associated with PGRN mutation carriers as bvFTD, PNFA, or CBS. In these studies, no symptoms of ALS were noted. By contrast, an initial diagnosis of AD is not uncommon because of memory impairment consistent with hippocampal dysfunction. Up to 70% of PGRN carriers have episodic memory dysfunction. Parietal lobe involvement as seen both on neuropsychological testing (findings of dyscalculia, limb apraxia, dysgraphia, visuospatial or visuoperceptual impairments) and MRI is a common feature in many PGRN cohorts as compared to only 10% of those individuals with MAPT. 38, 42 Hallucinations occur in up to 25% of patients with PGRN mutations, but are unusual with MAPT mutations. 14, 45 In general, PGRN carrier MRIs show asymmetric frontal, temporal, and parietal atrophy as compared to a more symmetric frontal and temporal distribution in carriers of MAPT mutations. 47, 48 A careful language evaluation can help to predict the pathologic diagnosis and possibility of a PGRN mutation. Deramecourt et al. 49 reported that all patients with agrammatic progressive aphasia in an aphasia cohort were found to have FTLD-TDP pathology, and two-thirds of them had PGRN mutations.
CHMP2B phenotype. CHMP2B is a very rare cause of familial FTLD. 8 Mutation carriers usually present with bvFTD, but can develop more global loss of cognition as well as parkinsonism, dystonia, and myoclonus. Mean age at onset is over 50 years. 16 Pathologic findings are ubiquitin-positive, TDP-43-negative inclusions, FUS negative (FTLD-UPS). 26, 50 Since most CHMP2B mutation carriers identified to date are descendants from a single Danish pedigree, CHMP2B mutation screening should be especially considered in FTLD families of Danish origin. 51 VCP phenotype. Patients who carry VCP mutations generally have a family history of Paget disease of the bone with myopathy. About 35% of people with a mutation in VCP present with personality and cognitive changes, usually between 48 and 65 years. A careful examination for bone and muscle abnormalities as well as a family history to reveal these other symptoms can help to differentiate such individuals from other patients with FTD. 20 The pathology of VCP carriers is FTLD-TDP with NII. Chromosome 9 phenotype. Many families that have ALS in addition to FTLD link to chromosome 9p. 52 Interfamilial and intrafamilial heterogeneity exist within and among these families, with some affected family members having bvFTD, some ALS, and some both. 22 Language disorder is unusual in this group. 52 Onset ranges from 39 to 72 years. Pathologic findings include ubiquitin-positive, TDP-43positive, tau-negative NCIs.
FUS and TARDBP. Mutations in FUS and TARDBP are infrequent causes of FTLD and the phenotype has not been well-defined. Due to the lack of segregation in extended FTLD families, the pathogenicity of these mutations also remains questionable. [17] [18] [19] Patients with FTLD-FUS without mutations in the FUS gene tend to be very young (mean age of 38 -41) and exhibit prominent disinhibition and psychosis. Most of these appear to be sporadic. 31, 53, 54 DISCUSSION Genetic testing is an emotionally charged and difficult issue to address with families. Even when there is a known family history, not all family members want information that could determine their fate. Prior to any testing, families should have genetic counseling to educate them about FTLD's complex genetics, including the possibility of not detecting a mutation. For example, in one study, 39% of noncarriers of MAPT and PGRN mutations had a family history of dementia. 7 Other topics for discussion include defining autosomal dominant inheritance, identifying who is at risk of FTLD, phenotypic variability, age-related penetrance, and the availability of presymptomatic testing and reproductive options should a mutation be found. Finally, families should consider if and how the genetic information is going to be communicated to other family members.
Genetic testing may not be an option for all families because of financial restraints, family disputes, or the patient's refusal or former communication of not wanting such testing. In this situation, the clinician may wish to suggest participation in a genetic research study (and not getting results) or DNA banking for future testing. A discussion of autopsy is also appropriate in order to confirm the diagnosis and have frozen tissue available for testing. Should a family opt for testing, the next step is deciding which genes are the most likely candidates in that particular case. Because of the present high cost of genetic testing (up to $1,200 for full sequencing of each gene), a sequential approach to testing should be taken, and this approach should be based on family history, availability of autopsy pathology, clinical presentation, and neuroimaging. Currently, clinical testing in the United States and Europe is limited to MAPT, PGRN, VCP, and TDPBP (table). An updated list of clinical and research genetic testing laboratories can be found at http://www.ncbi.nlm.nih.gov/sites/GeneTests/ ?dbϭGeneTests.
Family history. Family history is vitally important when considering genetic testing. A clinician should determine whether the family has any history of dementia, PD, ALS, other neurologic conditions, or psychiatric conditions. For a more detailed family history and counseling, families can be referred to a genetic counselor (www.nsgc.org).
Ideally, family history should include at least 3 generations. When possible, age and cause of death of all members should be recorded. If any of the above conditions are reported, more specific questions about age at onset and presentation of first symptoms should be pursued. Families should be asked about whether or not autopsies have been done on any affected relatives. Even if autopsy was performed, caution needs to be used when interpreting pathologic results as techniques have changes substantially. Thus, if autopsy tissue is available, it should be re-examined.
In the presence of a family history of FTLD, it is reasonable to suggest genetic testing (refer to figure 1 for genetic testing algorithm). In the absence of a family history, unless family history is lost or questionable (because of adoption or the possibility of false paternity), a mutation in MAPT is highly unlikely because of the very high degree of penetrance. With only 3% of sporadic cases having PGRN mutations, 14 the family will have to be highly motivated to proceed. VCP testing is only appropriate when there is a family history that includes Paget disease of the bone or myositis. The presence of ALS in a family history greatly reduces the chance of finding a mutation in any of these genes. Families with ALS can be encouraged to join genetic research programs that test for mutations on chromo- some 9, TARDBP, FUS, and other genes. Alternatively, these families might bank DNA (see http://www. ncbi.nlm.nih.gov/sites/GeneTests/?dbϭGeneTests). In those with a family history suggesting AD or PD as a prominent or common phenotype, genetic testing may be more appropriate for those disorders first (see http://www.ncbi.nlm.nih.gov/sites/GeneTests/?dbϭ GeneTests).
In those with no family history of any neurodegenerative disease, the likelihood of identifying a pathogenic mutation in any of the known FTLD genes is less than 3% (based on 3% of sporadic PGRN mutations since sporadic mutations in MAPT and other known FTLD genes are extremely rare). Yet genetic testing may be warranted if onset is less than 50 years of age, and for patients for whom a brain biopsy is being strongly considered and identification of a pathogenic mutation would obviate the need for biopsy.
Phenotype. The symptoms of FTLD are highly variable. Moreover, similar symptoms can result from mutations in different genes. Despite these problems, a careful examination of presenting symptoms of the patient and family members can help direct genetic testing. bvFTD is the most frequent presentation for both MAPT and PGRN. However, in the presence of additional early memory impairment and parietal involvement such as visuospatial problems, PGRN is the more likely cause. MRI and PET or SPECT should be included in the evaluation of suspected FTLD. 38 A family history of AD might also lead one to consider an FTLD-related gene, particularly PGRN, although PSEN1, PSEN2, and APP should also be considered, especially since mutations in those genes can lead to more behavioral presentations of AD. Both MAPT and PGRN can present with CBS or PSP-like symptoms; however, CBS, especially with PNFA, is more frequent with PGRN mutations. PNFA is more common with PGRN mutation carriers (as much as 36%) 8 than in MAPT mutation carriers, whereas semantic impairment in conjunction with behavioral symptoms is more often found in patients with MAPT mutations. 7, 38, 46 Genetic testing for MAPT and PGRN can be performed sequentially so that if a mutation is not found in the first gene tested, the other can be tested (see figure 1 : FTLD genetic testing algorithm).
The presence of ALS should discourage the clinician from testing for either MAPT or PGRN, as it is a very rare finding with mutations in these genes. Research testing or DNA banking are generally more appropriate unless the family wants to definitively rule out these genes. Additionally, testing for TARDBP and FUS may be considered in families with many cases of ALS.
Mutations in PSEN1, PSEN2, APP, and PRNP can present with frontal symptoms, although carriers of the AD genes tend to also have memory impairment and those with PRNP tend to have some motor symptoms. These genes should be considered in light of a positive family history and negative PGRN and MAPT testing. Likewise, since FTLD can present with an AD phenotype, 25 MAPT and PGRN should be considered in light of possible AD with autosomal dominant family history and negative AD gene testing. 36 Autopsy. (Refer to figure 2 for algorithm.) Autopsy tissue from affected family members can be reexamined using current staining techniques to determine whether the disease is a FTLD-tau or FTLD-U with or without TDP-43 or FUS inclusions. 
